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C
almodulin (CaM) and neurogranin (Ng) are two abundant
proteinsinthebrainwhoseinteractionsareimplicatedinthe
enhancement of synaptic responses and cognition.
1 4 CaM is a
highly conserved protein in all eukaryotic cells and has been
shown to participate in a broad range of cellular functions.
5,6 Ng,
ontheotherhand,isexpressedpredominantlyinthemammalian
forebrain, where its level is highest in the hippocampus, neocor-
tex,andamygdala.
7,8Thissmallmolecularweightprotein(7.5kDa)
hasnoknownenzymaticactivity,andCaMisbelievedtobethesole
Ngbindingpartnerinvivobasedontheyeasttwo-hybridscreening.
9
In vitro, Ng binds CaM and their interactions are weakened by
increasing Ca
2þ concentration and by covalent modiﬁcations of Ng
by phosphorylation and oxidation.
10 14 In the acute hippocampal
slices, Ng enhances the high frequency stimulation-induced long-
termpotentiation(LTP)intheCA1regionthroughelevationofthe
neurotransmitter-mediated Ca
2þ transients.
4
Interactions of CaM and Ng have been shown to be sensitive
to Ca
2þ concentrations in vitro;
10,14 however, the eﬀect of
changing intracellular Ca
2þ, [Ca
2þ]i, on their interactions in
neurons has not been investigated. Since a reduction of Ca
2þ is
expectedtoaﬀecttheinteractionsofCaMandNg,wesoughtthe
“low-calcium” model of epilepsy in hippocampal slices
15 17 to
investigatethetraﬃckingofthesetwoproteinsinCA1pyramidal
neurons.Thisexperimentalmodelretainsmanycharacteristicsof
focal hippocampal seizures in vivo.
18 In the brain, extracellular
Ca
2þ,[Ca
2þ]o,undergoesdynamicchangesthatdependonneural
activity; for example, [Ca
2þ]o decreases signiﬁcantly during
and after intense neuronal activity associated with seizures.
19 21
Reduction of the [Ca
2þ]o blocks synaptic transmission and
gradually developed epileptiform activity.
16,17,22 24 Infusion of
Ca
2þ chelator, EGTA, into the hippocampus of rat generated
epileptic activities, and these responses were reversed by Ca
2þ-
containing ﬂuid.
25
In this study, we employed immunochemical staining and
confocal microscopy to investigate cellular and subcellular
localizationsofCaMandNginhippocampalslicesinresponse
to changing [Ca
2þ]o. These tissue slices were bathed alter-
nately in the Ca
2þ-containing and Ca
2þ-free buﬀers for
monitoring their eﬀects on the synaptic responses, [Ca
2þ]i,
and traﬃcking of CaM and Ng. Our results revealed that CaM
andNgweremoreconcentratedinthesomaandlessabundant
inthedendritesofhippocampalCA1pyramidalneuronsunder
basal conditions. In particular, we found that a high level of
CaM was sequestered in the nucleus. Perfusion of the tissue
slices with EGTA-containing buﬀer caused a suppression of
synaptic response, induction of epileptic activity, and a slow
reduction of intracellular Ca
2þ. This treatment also caused
translocation of CaM and Ng from soma to dendrites. The
Ca
2þ-sensitive mobilization of C a Mw a sm o s tp r o m i n e n tf o r
CA1pyramidalneuronsandwaslesspronouncedamongthose
in the neighboring CA2 and CA3 areas.
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ABSTRACT: Calmodulin (CaM) and neurogranin (Ng) are two abun-
dant neuronal proteins whose interactions are implicated in the regulation
of synaptic responses and plasticity. We employed the “low-calcium”
model of epilepsy in hippocampal slices to investigate the mobilization
of these two proteins in CA1 pyramidal neurons. Perfusion of mouse
hippocampal slices with Ca
2þ-free artiﬁcial CSF (ACSF) caused a sup-
pressionofsynaptictransmissionandgenerationofepilepticactivity;these
responses could be reversed by normal Ca
2þ-containing ACSF. Fluores-
cence immunochemical staining of control hippocampal slices bathed in
normalACSFrevealedthatCaMandNgweremoreconcentratedinsomathanindendrites;especiallyforCaM,itwasconcentrated
in the nucleus. Perfusion of hippocampal slices with Ca
2þ-free ACSF caused translocation of these two proteins from soma to
dendrites, and this traﬃcking was also reversed by Ca
2þ-containing buﬀer. A reduction of ∼15 and 40 nM intracellular Ca
2þ,
[Ca
2þ]i, caused half-maximum translocation of Ng and CaM, respectively. Hippocampal CA1 pyramidal neurons were the most
responsive to this Ca
2þ-sensitive translocation as comparedto thosefrom other areas of the hippocampus. These results illustrated
the unique feature of hippocampal CA1 pyramidal neurons in sequestering high concentrations of CaM and Ng in soma and
releasing them to distal dendrites at reducing level of [Ca
2þ]i.
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’RESULTS AND DISCUSSION
Ca
2þ-Sensitive Mobilization of CaM and Ng between
Soma and Dendrites. Hippocampal slices bathed in normal
ACSF have been used routinely for monitoring the synaptic
responses. First, we investigated the cellular and subcellular
localization of CaM and Ng of these tissue slices by fluorescence
immunochemical staining. The immunoreactivity (IR) of these
two proteins appeared to colocalize in CA1 pyramidal neurons
(Py) (Figure 1). For CaM, it was largely concentrated in the
nucleus,whereasitsstainingintensityindendriteswithinstratum
radiatum(Sr) andstratumoriens(So)was very weak (Figure 1A
and E). For Ng, its localization in the nucleus, cytoplasm, and
apical dendrite was evident but the staining pattern in basal
dendrite within So was patchy (Figure 1B and F). Both proteins
exhibited strong colocalization in nucleus as seen in the merged
images with DAPI staining (Figure 1C and D).
We then tested whether bathing hippocampal slices in Ca
2þ-
free ACSF had any eﬀect on neuronal activity by monitoring the
evoked ﬁeld excitatory postsynaptic potential (fEPSP) in the
CA1 region. Perfusion of EGTA-containing ACSF (EGTA/
ACSF) caused a suppression of the slope of fEPSP, and this
response induced by either a short-term (5 min) or long-term
(20 min) exposure could be completely reversed by switching back
to Ca
2þ-containing ACSF (Figure 2). These results indicate that a
reduction of extracellular Ca
2þ by perfusion of EGTA/ACSF up to
20 min does not cause any obvious ill eﬀect to the neurons.
Immunochemical staining patterns of the hippocampal slices
exposed to EGTA/ACSF for diﬀerent lengths of time showed
thattherewasaprogressiveincreaseintheIRsofCaMandNgin
dendrites withaconcomitantreduction of those inthecelllayers
(Figure 3). This response was most prominent for the CA1
pyramidal neurons and less so among those in other regions of
the hippocampus. For CaM, the increase in dendritic IR was
mostevidentforthoseslicesexposedtoEGTA/ACSFfor15and
20 min (Figure 3D and E). It was most striking that after 20 min
of exposure to EGTA/ACSF the CaM IR of CA1 pyramidal cell
layer appeared even less intense than that of the dendrites
(Figure 3E). For Ng, the increase in dendritic IR was discernible
after 5 min of exposure (Figure 3B) and also became more
Figure1. SubcellularlocalizationofCaMandNginhippocampalCA1pyramidalneurons.Controltissuesectionswereexaminedwith100 objectives
for CaM (Alexa 594) and Ng (FITC) IR, and nucleus (DAPI) of neurons in the CA1 region. CaM IR (A and E) of CA1 pyramidal neurons was largely
conﬁnedtothenucleusandthatofNgwasinthecytoplasm,nucleus,anddendrites(BandF).ThenuclearstainingofCaMandNgcouldbeseeninthe
mergedimages(DandH),whereNg-andCaM-IRcoincidewiththatofDAPI(CandD).ThedendriticstainingofNginthestratumradiatum(Sr)was
evident, and that in stratum oriens (So) was patchy. In comparison, the dendritic staining of CaM was very weak (compare E and F). Also noted that
therewereseveral DAPI-positivecellsamongtheseconfocalimagesthatdidnotstainpositivelywitheitherCaMor Ng(indicatedbythearrows);these
cells are likely interneurons. The scale bars are 5 μm.
Figure 2. Reversible changes in synaptic transmission of hippocampal
slices following perfusion with EGTA- and Ca
2þ-containing ACSF.
Acutetransversehippocampalslices(400μm)wereperfusedwithCa
2þ-
containing ACSF for at least 20 min to achieve a stable baseline in the
slope of fEPSP of the Schaﬀer collateral/commissural pathway of the
CA1 region and switched to EGTA (2.5 mM)-containing ACSF for 5
(b,n=4)or20min(O,n=4).Subsequently,eachofthemwasswitched
back to the Ca
2þ-containing ACSF. Test pulse was delivered at 20 s
intervals with a current of ∼30% of the maximal response. Representa-
tive traces of the fEPSPs of control and those treated with EGTA for 20
minandwithEGTAfor20minandthenbacktoCa
2þ-containingACSF
for 40 min are shown.225 dx.doi.org/10.1021/cn200003f |ACS Chem. Neurosci. 2011, 2, 223–230
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prominent after 15 and 20 min (Figure 3D and E). Re-perfusion
of the EGTA/ACSF-treated slices with normal Ca
2þ-containing
ACSF restored the original localization patterns of these two
proteins (Figure 3F). These ﬁndings indicate that CaM and Ng
are uniquely responsive to the Ca
2þ-mediated mobilization in
CA1 pyramidal neurons.
Distinct Differences among the CA1 and Neighboring
CA2 and CA3 Neurons. In hippocampus, Ng and CaM were
colocalizedinallprincipleneuronsatthevarioussubfields.Under
the basal conditions, these proteins exhibited higher concentrations
in soma than in dendrites with the exception of pyramidal neurons
in subiculum complex, which exhibited a uniform distribution of
both Ng and CaM in all cellular compartments (data not shown).
Treatment of the slices with EGTA/ACSF caused exit of CaM and
Ng from soma to dendrites of CA1 pyramidal neurons; however,
this trafficking was less apparent for those neurons residing in CA2
and CA3 subfields (Figure 4). For these latter two neuronal
populations, a reduction of [Ca
2þ]o caused an exit of CaM from
nucleus to cytoplasm and proximal dendrites, but much less to
distal dendrites (Figure 4E and F). Thus, a prominent somatic
colocalization of CaM and Ng was observed in the merged images
(Figure 4F). In these EGTA/ACSF-treated tissues, the neuronal
populationsbetweenCA1andCA2,andalsothoseofCA3,couldbe
clearly distinguished.
QuantificationofTranslocationofCaMandNgintheCA1
Region. The fluorescence intensity of doubly stained sections
was measured extending from soma to distal dendrites
(Figure 5). In the control (panel A), the peak staining intensities
of CaM (red) and Ng (green) resided in the cell layer and their
average intensities in dendrites were approximately 10 and 30%
of the value of soma, respectively. After 20 min of exposure to
EGTA/ACSF (panel B), the somatic CaM and Ng IRs were
greatly reduced compared to the control. Translocation of Ng
fromsomatodendritescouldbedetected5minafterexposureto
EGTA/ACSF, and there was a delay for the movement of CaM,
whichwas apparent 10minafter thetreatment. After 15min,the
CaM IR spread evenly in the entire dendritic field. Re-perfusion
with normal ACSF restored the original cellular distribution
patterns of these two proteins (panel C).
EGTA-Induced Changes in the Intracellular Calcium. Hip-
pocampal slices loaded with Fluo-4AM Ca
2þ indicator were
imaged by two-photon excitation generated by a titanium:sap-
phire(Ti:Sa)pulsedinfraredlaser,whichallowedforpenetration
intotissueslices.BathingthetissuesliceswithACSFresultedina
slow decay of neuronal Fluo-4 fluorescence intensity in spite of
the measures to reduce laser transmission and shorten the
exposure time during image acquisition. Thus, a control decay
curve was established before treating the slices with EGTA/
ACSF(Figure 6).Inthesetime-seriesexperiments,imagesofthe
CA1 neurons were collected for 5 min in the presence of normal
ACSF, then switched to EGTA/ACSF for 15 min, and finally
perfusedwithEGTA/ACSFþ10μM4-Br-A23187(Figure6B).
FiveminutesafterexposuretoEGTA(at10mintimepoint),the
[Ca
2þ]iwasreducedby∼30%ofthecontrol,andafter10and15
min exposure the reductions were ∼35 and 40%, respectively.
Upon exposure to EGTA/ACSF þ Ca
2þ ionophore for 10 min
(at 30 min) the [Ca
2þ]i was ∼10% of the control. Addition of
calcium ionophore in thepresence of EGTA/ACSF was used for
estimation of the approximate maximal reduction of [Ca
2þ]i in
the neurons. Since the [Ca
2þ]i of hippocampal neurons in
normal Ca
2þ-containing buffer is ∼100 nM
26 28 and the Kd of
Fluo-4/Ca
2þ is 1 μM in situ, the net reduction in the Fluo-4
fluorescencefromthebasallevelcouldbeusedasanapproximate
measure of the reduction in [Ca
2þ]i. The observed mobilization
of Ng reached near maximum after 5 min of exposure to EGTA/
ACSF(seeFigure5C);weestimatedthatahalf-maximumresponse
wouldoccuratareductionof∼15%ofFluo-4fluorescence,namely,
∼15 nM [Ca
2þ]i. A similar estimate for the half-maximum mobi-
lization of CaM, after 15 min exposure to EGTA/ACSF, was a
reductionof∼40nMof[Ca
2þ]i.TheEGTA-mediatedreductionin
[Ca
2þ]i could be reversed by re-perfusion with Ca
2þ-containing
buffer (Figure 6A).
Figure 3. Immunochemical staining of hippocampal slices sequentially
treated with EGTA- and Ca
2þ-containing ACSF. Fixed tissue sections
(50 μm) were doubly stained with antibodies against CaM (Alexa 594)
and Ng (FITC) and the 5  confocal images of the whole sections of
control (A), treated with EGTA for 5 (B), 10 (C), 15 (D), and 20 (E)
min, and that treated with EGTA for 20 min and back to Ca
2þ-
containing ACSF for 40 min (F) are shown. Note that EGTA induced
aprominenttranslocationofCaMfromsomatoapicaldendriteslocated
in stratum radiatum (Sr). The cell layer staining of CaM and Ng in the
CA1 region progressively diminished, and these changes were reversed
by re-perfusion with Ca
2þ-containing buﬀer. These experiments had
been performed at least four times, and similar results were obtained.
The scale bars are 200 μm.226 dx.doi.org/10.1021/cn200003f |ACS Chem. Neurosci. 2011, 2, 223–230
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Transient Reduction in Intracellular Ca
2þ Induced Epilep-
tic Activity. Bathing the hippocampal slices in Ca
2þ-free buffer
causedanearlyphaseofdeclinein[Ca
2þ]ifollowedbyslowchanges
after 5 min. Within this early time frame, the evoked CA1 fEPSP
declined rapidly while the amplitude of POPS rose initially and was
followed by a decline in a delayed fashion as compared to that of
fEPSP (Figure 7). The waveforms of both fEPSP and POPS during
the early phase of decline in [Ca
2þ]i exhibited characteristic epileptic
activity, which consisted of multiple bursts following each electrical
stimulation (Figure 7A). These epileptic responses lasted for a few
minutes, and synaptic responses became silent afterward. The emer-
gence of epileptic activity was an indication of increasing excitability
resulting from complex responses to alteration of Ca
2þ homeostasis.
’CONCLUSION
Perfusion of mouse hippocampal slices with low levels
of [Ca
2þ]o (e0.2 mM) or EGTA-containing solution blocks
synaptic transmission of pyramidal neurons and results in the
development of seizurelike activity in the CA1 region.
15 17
Reduction of [Ca
2þ]o induces neuronal hyperexcitability caused
by several potential mechanisms, including reduction of the
surface-charge screening, Ca
2þ-activated K
þ current, synaptic
GABAergic inhibition, as well as increasing ﬁeld eﬀects and gap
junctions.
23,29However,theextentofreductionin[Ca
2þ]iinthis
model system has not been investigated. To our surprise, perf-
usion of the tissue slices with EGTA/ACSF only caused a minor
reduction of [Ca
2þ]i, and this may explain why the perfusion
with this solution for 20 min did not cause any obvious
deleterious eﬀect of the neurons. Under the basal conditions,
[Ca
2þ]i is maintained at ∼100 nM while the extracellular Ca
2þ
concentration is signiﬁcantly higher at 1 2 mM. Intracellular
Ca
2þ buﬀer, regulators of Ca
2þ dynamics, and eﬄux pathways
are responsible for maintaining such a low [Ca
2þ]i inside the
cell.
30Finetuneregulationofeachofthesecomponentsprevents
a large increase in [Ca
2þ]i that could cause cell death as in the
Figure 4. Distinct responses among CA1, CA2, and CA3 neurons to treatment of EGTA/ACSF. Representative confocal images (10 ) show the
control(A C)andEGTA-treated(15min)(D F)samplesdoublystainedwithantibodiesagainstCaM(Alexa594)andNg(FITC).TheCA3region
was identiﬁed by the appearance of stratum lucidem (SLu). Pyramidal neurons from CA2 and CA3 regions appeared slightly larger than those of the
CA1. Inthe merged images of control(C), CaM was colocalized with Ngin the nucleus with a relatively low abundance in the cytoplasm and dendrites
within stratum radiatum (Sr) and stratum oriens (So). In the EGTA/ACSF-treated tissue (F), CaM was greatly reduced in the soma of CA1 neurons,
whereasthoseintheCA2andCA3retainedCaMinthesomaandproximaldendrites.MixedpopulationsofCA1andCA2neuronsweredistinguishable
in this EGTA/ACSF-treated tissue. The scale bars are 50 μm.227 dx.doi.org/10.1021/cn200003f |ACS Chem. Neurosci. 2011, 2, 223–230
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cases of ischemia- or epilepsy-induced neurotoxicity. These reg-
ulatory components are also likely to play a role in preventing
excessive loss of [Ca
2þ]i at low [Ca
2þ]o. The reduction in
[Ca
2þ]i together with the increase in neuronal excitability may
trigger the redistribution of Ng and CaM from soma to distal
dendrites in CA1 pyramidal neurons. Recently, we have also
observed that high frequency stimulation-mediated induction of
LTP in the CA1 region also triggered translocation of both Ng
and CaM from soma to dendrites.
Studies with hippocampal neurons in cultures showed that
stimulation-induced Ca
2þ entry through L-type Ca
2þ channels
andNMDAreceptorscausedtranslocationofCaMfromcytoplasm
to nucleus.
31 Another study indicated that unless pretreatment
of hippocampal neuron cultures with Ca
2þ-free buﬀer containing
2mMEGTA,elevationof[Ca
2þ]ibyglutamateorNMDAwasnot
eﬀective to cause nuclear translocation of CaM.
32 In these EGTA-
treated neurons, EGFP-CaM, visualized by confocal imaging,
appeared to localize more in the cytoplasm and proximal dendrites
than in the nucleus. This observation agreed with the results shown
here for the EGTA/ACSF-treated acute hippocampal slices, in
which CaM was redistributed to cytoplasm and dendrites of CA1
pyramidalneurons.Re-perfusionwithnormalACSFinducedCa
2þ-
dependent translocation of CaM from cytoplasm and dendrites to
the nucleus. Thus, the direction of CaM traﬃcking may be depen-
dentonitsbasallevelsatdiﬀerentcellularcompartments.Intheacute
hippocampal slices, CaM is already concentrated in the nucleus of
CA1pyramidalneurons,andaperturbationofitsrestingstatecauses
its exit from nucleus to cytoplasm and dendrites. In this “low-
calcium”modelofepilepsyinhippocampalslices,translocationofNg
and CaM from soma to dendrites may contribute to the develop-
ment of epileptiform activity of CA1 pyramidal neurons.
The net movement of somatic Ng to dendrites was not as
pronounced as that of nuclear CaM, which, eventually, became
equal to or even slightly less than its concentration in the
dendrites. Mobilization of CaM from nucleus to distal dendrites
could be caused by the dissociation of CaM from its nuclear
binding components, changes in the permeability of the nuclear
porecomplexforfreediﬀusion,and/ortransportedbyacarrier.It
is also possible that an initial exit of Ng from the nucleus
facilitates the translocation of CaM.
Figure 5. Quantiﬁcation of immunoﬂuorescence intensity of tissue
sections doubly stained with antibodies against CaM and Ng. Repre-
sentative confocal images (10 ) of control (A) and that treated with
EGTA/ACSFfor20min(B)werescannedfortheﬂuorescenceintensity
along distal apical dendrites (within Sr) to the pyramidal cell (Py) layer
(depicted by the white arrow) in the midﬁeld of the CA1 region. The
distances in the intensity proﬁles of CaM (red) and Ng (green)
represented the length of the white arrow. Similar scannings were also
performed for those tissues treated with EGTA/ACSF for 5, 10, and 15
min, and those re-perfused with Ca
2þ for 40 min. In all cases, averaged
ﬂuorescence intensity ofthe dendritewas compared to that ofthesoma.
(C) Ratios of mean ﬂuorescence intensity between dendrites and soma
of CaM (O, n = 4) and Ng (b, n = 4) among the treated samples
are shown.
Figure 6. Calcium imaging of hippocampal CA1 neurons. Hippocampal
slices loaded with Fluo-4AM Ca
2þ indicator were bathed in ACSF for 5
minandthenswitchedtoEGTA/ACSFfor15min.Subsequently,tissue
slices were perfused with EGTA/ACSF þ 4-Br-A23187 (10 μM) for 10
min. Changes in the Fluo-4 ﬂuorescence intensity of the CA1 neurons
(O, n = 13) were measured against the control (b, n = 8) (B). After 30
min the tissue slices were perfused with Ca
2þ-containing buﬀer and an
image was acquired at 32 min. Representative images of two CA 1
neurons (indicated by the arrows) in the focus plane of the time-series
experiments are shown in (A).228 dx.doi.org/10.1021/cn200003f |ACS Chem. Neurosci. 2011, 2, 223–230
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Pyramidal neurons in the hippocampal CA1 region are the
mostsensitivetothelow-calciuminducedepileptiformactivity.
22
Thisneuronalpopulationalsoexhibitedahighersensitivitytothe
low-calcium mediated translocation of Ng and CaM from soma
to dendrites as compared to other neurons in the hippocampus,
suchasthoseintheneighboringCA2andCA3.Morphologically,
CA2 neurons are similar to those of the CA3 in size but they are
not innervated by the mossy ﬁbers from the dentate gyrus.
Molecularly, CA2 neurons express some distinct genes from
the neighboring ﬁeld
33 35 and they, CA3 neurons too, are
uniquely spared in Alzheimer’s disease.
36 CA2 neurons are also
resistant to temporal lobe epilepsy
37 and are resistant to plastic
changes by conventional protocols that induce LTP and LTD in
the CA1 region.
38 Much of these characteristics of the CA2
neurons are likely related to their diﬀerences from the CA1
neurons in handling Ca
2þ-mediated responses (Figure 4). The
boundary between CA1 and CA2 is not easily deﬁned because
mixed populations of cells are present. However, the current
study clearly distinguished the CA1 from the CA2 neurons
following treatment of the tissue slices with EGTA/ACSF.
’METHODS
Animals and Reagents. All procedures for using animals were
approved by the National Institute of Child Health and Human
Development Animal Care andUse Committee. Mice(C57BL\6) were
housed in standard cages on a 12-h light/dark cycle and provided a
normalchowandwateradlibitum.AntibodyagainstNg(Ab#2641)was
raised in rabbit against the C-terminal sequence (GARGGAGGGPSGD) of
the protein. The following materials were obtained from the indicated
sources: mouse anti-CaM from Zymed Laboratories (South San Francisco,
CA); ImmPRESS peroxidase-conjugated anti-mouse and anti-rabbit IgG,
horse serum, and Vectashield from Vector Laboratories (Burlingame, CA);
Fluo-4 a.m., pluronic acid, Alexa Fluor 594 carboxylic acid succinimidyl ester,
and5-(and-6)-carboxyfluorescein(FITC) succinimidylesterfromInvitrogen
(Carlsbad, CA); and tyramine hydrochloride, sodium borate, and hydrogen
peroxide-urea adduct tablet from Sigma-Aldrich (St. Louis, MO).
Preparation and Treatment of Hippocampal Slices. Trans-
verse hippocampal slices (400 μm) were kept for recovery after slicing
for ∼2 h in oxygenated (95% O2/5% CO2) ACSF containing the
following (in mM): 124 NaCl, 4.9 KCl, 1.3 MgSO4, 2.5 CaCl2, 1.2
KH2PO4, 25.6 NaHCO3, and 10 D-glucose, pH 7.4. The slices were
submergedinachambersuperfusedwithoxygenatedACSFataflowrate
of∼2mL/min.Glasselectrodes(1 4MΩ)filledwithACSFwereused
both for stimulation of Schaffer collateral/commissural fibers and for
recording of fEPSP from stratum radiatum and the amplitude of POPS
fromthecelllayeroftheCA1area.TheslopeoffEPSPwascalculatedfor
indexing the synaptic response. After maintaining a stabled baseline at a
current that gave ∼1/3 of the maximal fEPSP response for at least 20
min,theslicewasperfusedwithCa
2þ-freeACSFthatcontained2.5mM
EGTA for a timed period as stated in the figure legend. Afterward, the
perfusate was switched back to Ca
2þ-containing ACSF. At the end of
incubation, the tissue slice was quickly removed from the recording
chamber and fixed in 4% paraformaldehyde in PBS. Synaptic responses
were amplified with an AxoClamp 2B or Multiclamp 700B apparatus,
digitized by CED power 1401, and analyzed by Signal 4 software
(Cambridge Electronic Design).
Immunochemical Staining. Each fixed tissue slice was further
sectioned with avibratome into 50 μmthickness and placedin a96-well
plate for free-float staining. Tissue sections were treated sequentially
with PBS containing 0.5% NP-40 and 3% H2O2 each for a minimum of
15minandblockedwith2.5%horseserum.Tissueswereincubatedwith
a mixture of primary antibodies (rabbit anti-Ng Ab#2641, 1/1250;
mouse anti-CaM, 1/500) in PBS containing 0.025% horse serum and
0.1% thimerosal overnight at room temperature. CaM was first revealed
by incubation with ImmPRESS peroxidase-conjugated anti-mouse IgG
for4handAlexa594-tyramine/H2O2solution(onehydrogenperoxide-
urea adduct tablet and stock Alexa 594-tyramine in 10 mL of 50 mM
Tris-Clbuffer,pH8.0)atroomtemperaturefor10min;thereactionwas
terminated with 10 mM HCl for 30 min. Then, Ng was revealed by
incubationwithImmPRESSanti-rabbitIgGfor4handFITC-tryamine/
H2O2 for 10 min, and then terminated with 10 mM HCl. In between
incubations, tissues were washed 10 min each with TTBS (20 mM Tris-
Cl, pH 7.5, containing 0.5 M NaCl and 0.05% Tween 20) once and PBS
twice. Tissues were placed on glass slides, spread with Vectashield
containing DAPI, and covered with glass slip. Alexa 594-tyramine was
synthesizedbyincubationof1mgofcarboxylicacidsuccinimidylesterof
the dye in 12 μL of DMSO with 4 μL of 0.3 M tyramine hydrochloride
and40μLof0.1Msodiumboratebuffer,pH8.6,atroomtemperaturein
a dark vessel overnight. FITC-tyramine was similarly prepared by
incubation of 10 mg of carboxylic acid succinimidyl ester of the dye in
70 μL of DMSO with 70 μL of 0.3 M tyramine and 15 μLof 0.2 M
sodium borate buffer, pH 8.6.
Confocal Microscopy and Quantitative Analysis. Stained
tissue sections were examined in a Zeiss LSM 510 inverted microscope
with apinhole settingforred channel (543nm) at1 air unit, andthe pin
holesofotherchannels(488and405nm)wereoptimizedtoachievethe
same optical slice depth with each objective before scanning. Images
were captured in 8-bit mode (256 scales) at a high resolution (1024  
1024 pixels). For quantification of fluorescent intensity, the acquired
Figure 7. Changes in the fEPSP and POPS following exposure to
EGTA/ACSF. After establishing a stable test pulse baseline in ACSF at
the Schaﬀer collateral/commissural pathway of the CA1 region, the
tissue slices were perfused with EGTA/ACSF (at 10 min). Changes in
the fEPSP (b, n = 14) measured at the stratum radiatum and POPS (O,
n = 12) measured at the pyramidal cell layer were recorded (B). The
evoked changes in the waveforms of the fEPSP and POPS are shown in
(A). Note the emergence of epileptic activity following the exposure to
the low-calcium conditions.229 dx.doi.org/10.1021/cn200003f |ACS Chem. Neurosci. 2011, 2, 223–230
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multichannel imageswereanalyzed off-lineusingLSM510Live analysis
software that measured the profiles along a straight line stretching from
distal dendrites to the cell layer. The averaged fluorescence intensity of
the dendrites was compared to that of the soma. The ratio of dendritic
fluorescent intensity versus that of the soma in the same 10  image was
used as a measure for the extent of translocation.
Fluorescence Calcium Imaginging. Hippocampal slices from
14 ( 3 day old mice were loaded with Ca
2þ-indicator, Fluo-4AM. (10
μM in 0.02% pluronic acid), by incubation in oxygenated ACSF at 30
for90 min. Imageswere acquired byusing aZeissLSM 510two-photon
system fitted with a WPAPO 20  1.0 objective. Tissue slices were
perfusedwithoxygenatedACSF(∼2mL/min),changesinFluo-4signal
were monitored by excitation at 805 nm, and emitting fluorescence was
detected through a BP 500 550 filter. Images were collected at 1 min
intervals with the laser transmission kept at a minimum while the
detector gain was kept at 70 80% of the maximal sensitivity. Changes
in the fluorescent intensity of individual cells were quantified using the
LSM 510 Live analysis software based on ROI in the time-series
experiments. The intensity of the first image was set as 100%, and the
net changes at each time point following treatment were estimated
against the control incubated with ACSF alone. The results were
expressed as mean ( SE.
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